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Abstract

Completed in Part I of this work are the description of the basic scheme and formulation by characterizing the
damage behavior of composites by application of the dissipated energy density. Part II presents the development of a
structural response simulator tool for composite structures subjected to different combinations of boundary
displacements and loads. A presentation of distributions of dissipated energy density for the different load
combinations on the specimens used in the In-Plane Loader (IPL) procedure described in Part I follows. Simulated
response for several structures of interest to the Navy is also presented. They include a ship's mast and a cylindrical
shell representing an idealized section of a submarine hull. Displayed are spatial maps of the dissipated energy
density (softening maps) for various loading amplitudes. These softening maps reflect how energy is consumed by the
different failure events within the structure.

1. Introduction

The use of composite materials in structural
components has increased dramatically in recent
years as their cost of production continues to
decline and advances in composite design
methodology become increasingly wide spread.
As applications become more demanding, the
need for reliable prediction of their mechanical
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properties and behavior is becoming ever more
important.

Extensive efforts have been made [1-5] in re-
cent years to identify the various modes of dam-
age in composite materials. Also refer to the
references in Part I (6]. The primary finding of
most of these investigations was that macroscopic
fracture was usually preceded by an accumulation
of the different types of microscopic damage and
occurred by the coalescence of this small-scale
damage into macroscopic cracks. Additionally, it
was generally found that analyses based on classi-
cal fracture mechanics did not adequately model
the damage effects and did not provide a satisfac-
tory degree of predictive capability.

A more practical approach to modeling failure
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behavior in composites is to quantify the damage
development on a continuum basis and relate it
to the material constitutive behavior. The goal of
such an approach is to permit accurate modeling
of the progressive loss of stiffness and concomi-
tant inelastic behavior caused by the underlying
micromechanisms of damage [7-10]. Such a model
for composite failure behavior requires a large
parameter space for its description if it is to
represent physical fact in a high-fidelity, objective
manner. The model must be generic and phe-
nomenological in nature and must rely on exten-
sive sets of experimental data to identify the
model parameters. Only after these parameters
are determined can the model be related to par-
ticular failure mechanisms.

Following the basic scheme and formulation
developed Part I [6] for relating the dissipated
energy density as a function of strain in terms of
a set of known basis functions and a set of unde-
termined coefficients. The task is then to esti-
mate these coefficients. To accomplish this, a
number of test specimens are first subjected to a
range of prescribed combinations of in-plane
loads using the In-Plane Loader [6]. These loads
induce a wide range of internal strain states in
the specimens. These states approximately en-
compass those expected in typical structural com-
ponents under service loading conditions. The
boundary displacements and boundary loads are
measured for each load combination, and are
used to compute the energy dissipated internally
in the specimens caused by strain-induced dam-
age for each test. The strain fields associated with
each of the load combinations are also deter-
mined by means of a linear finite element analy-
sis using the constitutive properties of the un-
damaged (virgin) material. The computation,
therefore, neglects the effects of stiffness changes
induced by the internal damage, but should be
sufficiently accurate provided that no large-scale
stress redistribution occurs during the tests. Ana-
lytic estimates of the dissipated energy are then
computed in terms of the unknown coefficients
for each test using the representation of the
dissipation function, the computed strain fields,
and the fact that the volume integral of the
dissipation function equals the dissipated energy.

Finally, the undetermined coefficients in the dis-
sipation function representation are determined
by minimizing the difference between the experi-
mentally measured and the analytic estimates of
the dissipated energy for all the tests.

The aforementioned procedure is a deconvolu-
tion procedure in the sense that the goal is to
extract a material property (the dissipated energy
density function) from information obtained from
the material in a particular physical configura-
tion, namely the specimen, and, thus, it is neces-
sary to factor out specimen geometry effects. By
taking this approach, the resulting dissipated on-
ergy density function can be applied to any struck
tural configuration, and used to develop material
softening (stiffness reduction) maps for any struc-
ture (again, assuming a negligible amount of stress
redistribution caused by internal damage).

Applicability of the model is demonstrated by
describing a computational approach packaged as
a material response simulator and its use in simu-
lating the structural response of several struc-
tures of interest. These are the test specimen
itself, a ship's mast, and a cylindrical shell repre-
senting an idealized section of a submarine hull.
A number of different composite material sys-
tems are considered and spatial maps of the
dissipation function (softening maps) are pto-
duced for various loading magnitudes. These soft-
ening maps illustrate how the energy consumed
by the various internal failure events is dissipated
within the structure.

2. Structural response simulator

The idea of a structural response simulator
will be developed and it will be shown how the
computed energy dissipation functions can be
used within the simulator to design structural
components and predict various aspects of their
mechanical behavior. Because dissipated energy
is taken as a measure of internal structural dam-
age, one use of a simulator would be for struc-
tural designers to examine simulated spatial dissi-
pated energy distributions to form selection crite-
ria for evaluating the structural response of struc-
tures at a particular state of the design process.
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Material system designers could also use a simu-
lator to generate spatial dissipated energy maps
from which they could determine the material
response of a composite material system, and
then select sets of manufacturing parameters to
optimize the damage tolerance of new systems.
Using the simulator to analyze material softening
distribution patterns could also assist in selecting
a material system for a particular structural de-
sign. Finally, a structural response simulator could
even be used to qualify material systems by using
far more realistic qualification criteria than are
currently employed, e.g., strength or fracture
toughness, which only indirectly and partially as-
sess some qualitative aspects of the materials.
Indeed, it is shown in this section that higher
strength does not necessarily imply better damage
tolerance.

In order to develop a tool for addressing the
types of problems discussed above, a structural
response simulator was created that takes user-
specified geometries, materials, and loading con-
ditions as inputs and creates spatial material dis-
tributions of local stiffness loss using the experi-
mentally obtained dissipated energy functions.
Fig. 1 shows the architecture of the structural
response simulator in the configuration used to
generate the results presented in this section. It
has since evolved into a much more sophisticated

form and its design now includes such advanced
functionality as user-simulator interaction mod-
elling via artificial neural nets and other tech-
niques.

The Fig. 1 block diagram shows the structure
of the simulator in terms of component subsys-
tems. The user interface was created by writing a
library of function calls using the "PATRAN
Command Language" (PCL) that allows the user
to specify the geometry, the material, and the
loading for the structure of interest. Visualization
capabilities are provided through PDA's
"PATRAN" 2.4 solid modeling package. A finite
element idealization of the structure is achieved
through appropriate use of PCL and all relevant
model information is stored in "PATRAN" neu-
tral files on the mass storage memory resources
of the computer system hosting the simulator,
which is currently a "Silicon Graphics Indigo"
with 32 Mb of RAM and 2.5 GB of mass storage
memory. The actual finite element analysis is
performed by using the "ABAQUS" finite ele-
ment code on a CRAY YMP/EL mini supercom-
puter, and assuming linear elastic behavior. The
objective of the finite element analysis is to gen-
erate the strain field in the structure for the
initial elastic state. The data required by
"ABAQUS" are provided by the "PATABA"
process that translates the "PATRAN" neutral

j ...',. '., j.... :..~~~~~~~~~~~ ~ ... ....r.::: j:i,,.,!:, . ..:l ... ... : .... .:~ i ,-: ,
::: :: PATRAN 1>\l~l§\ A'-. .. ........ .. ........... .. ...... ..... ' ! . i .

I SI.R 1\1 m~~~i %Q1 i s E. C. Di p . . . , { -4p . it; :I l 1, l 

:. ;.j;.: j i i i ~~~~- i i.~ , , ,I2 

'........ V *.. ....... ..-c1.!!'

.. ...
Sirains

LDispi., L.,;

Fig. 1. Block diagram of the architecture of the structural simulator and computational resource allocation.
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files to an "ABAQUS" input file. The output
from "ABAQUS" is stored in a file that is subse-
quently converted to a strain file and a displace-
ment file in "PATRAN" format by the
"ABAPAT" process. The displacement files are
identified by the suffix ".dis" and the strain files
have the suffix ".els." At this stage, the strains
and displacements can be visualized from
"PATRAN" or be fed into the dissipated energy
module "ABSORB" which runs on a "NeXT"
computer and generates a spatial energy absorp-
tion map by associating a value of dissipated
energy with each strain combination at every spa-
tial evaluation point. The required dissipated en-
ergy values are computed by interpolation using
the coefficients in the file "rmt.x.y.pred" that
were produced by the process depicted in Fig. 16
of Part I [6]. Finally, the white arrows that con-
nect the user interface module with the other
simulator modules signify user control over these
modules through both the user interface and the
networking TCP/IP utilities that control data
transfer between the involved computing plat-
forms.

There is currently an extensive effort at NRL
to develop various simulating environments that
can operate on stand alone computational archi-
tectures. Simplified versions with multimedia
characteristics already exist for "MS-Windows
3.1" machines, and more advanced versions exist
for the "SGI" platform.

3. Composite specimens

The specimen used in the IPL tests is an
example of a structural object. It has structural
loads, i.e., the loads applied by the IPL actuators.
It has a structural geometry, i.e., the geometry of
the specimen, and it has a structural material,
i.e., the material under investigation. At any point
within the structural object, strains are induced
that act upon the material. In this instance, strains
induced by the actuator loads act upon the speci-
men material. The strains are occasionally the
same at different points of the specimen, but in
general they are not. The strains act upon the
specimen material, changing it on occasion. When

the strains do change, the material shows the
change by exhibiting a different elastic behavior
suggesting reduction in local stiffness (softening).
The experimentally determined dissipated energy
is a measure of material softening. It is a nonlin-
ear, monotonic function of the strains that act
upon the material. As such, the material exhibits
behavioral changes that may be unexpected. This
application uses the IPL structural object to
showcase the nature of the unexpected behavior.

Consider material 002 in Table 1 that was used
as the straw person in this application. With a
layup construction of [(+ 30/ - 30)411, this lami-
nated composite material has piles constructed
from AS1 carbon fibers, and 3501-6 epoxy resin.
Load icons were employed in the figures of this
application to facilitate recognition of the partic-
ular load combination being applied to a speci-
men. Five graphic symbols were used in combina-
tion to produce these icons. They are: a clockwise
arrow to indicate clockwise motion of the mov-
able boundary of the specimen; a counterclock-
wise arrow to indicate the opposite motion; an
upwards-pointing arrow to indicate motion of the
points of the movable boundary parallel to the
y-axis; a downwards arrow for the opposite mo-
tion; and a right-pointing arrow to indicate mo-
tion of the points of the movable boundary paral-
lel to the x-axis.

The interpretation of a particular combination
of the graphic symbols is that the corresponding
combination of IPL applied motion is applied
proportionally to the specimen's movable bound-
ary. The specimen, caught between its movable
and immovable boundaries, deforms with a com-
patible motion. Loads that are proportional to
each other are represented by the same icon. The
particular magnitude of the proportional load is
indicated individually, or by group where applica-
ble. That specimen dissipated energy is a continu-
ous nonlinear monotonic function of load dis-
placement magnitude is an experimentally deter-
mined fact. The material dissipation energy is
forced to be a continuous nonlinear monotonic
function of strain magnitude. Though the speci-
men, undeniably, is nonlinear monotonic, the
computed material dissipation function behaves
that way by analytic design.
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Fig. 2 depicts the loading case for load path 11
(lp-11). The load magnitudes shown are 20, 40,
and 60 percent of the maximum boundary motion
applied during the experiment for this particular

specimen. Fig. 2 also illustrates the monotonic
nature of dissipated energy with respect to strains.
Dissipated energy never decreases with increas-
ing magnitudes of loading. It is also apparent

, ,..,, :

f

! 

7C. (Load Magnitude: 60%)

30!

28

1,t . i
26 L I

24 -

22 * :

20

.~ ~ ~ ~ ~ . . . . ..

. . (LoadMagnitude: 40%)

. . . . . .
(o. . . . .M d

. . . . . .

(Load Magnitude: 20%)

Fig. 2. Distributions of dissipated energy density on the deformed specimen for loading path 11, material 002 (AS1/3506-1
[ + / - 30°]) for three different magnitudes of loading.
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here that the dissipated energy may not increase
after reaching a certain magnitude of strain, and
that a minimum magnitude of strain is required
before the dissipated energy can become greater
than zero. This observed behavior corresponds
precisely to what is meant by the term a nonlin-
ear monotonic function of strain magnitude.

To reiterate, that specimen dissipated energy
is a continuous nonlinear function of load combi-
nation is an experimentally determined fact. In
computing the material dissipation energy func-
tion from the specimen dissipated energy, the
only analytic control exercised is to ensure con-
tinuous behavior with respect to the strain combi-
nation. Consequently, the nonlinear effect of
strain combination as illustrated in Figs. 3, 4, and
5 is closely related to the experimentally observed
behavior.

Figs. 3, 4, and 5 all depict the same set of the

15 different load combinations used in obtaining
the experimental results. Fig. 3 is for the case of
20% of full load magnitude, while Fig. 4 is for
40%, and Fig. 5 for 60%. The effect of opening
vs. closing motion (lp-14 vs. lp-2), which may be
likened to tension vs. compression behavior, is
quite distinctive. At the 20% level, both cases are
indistinguishable. At the 40% load level, the
opening or tension case has developed an exten-
sive hot area from the notch tip out along the
±3Q0 fiber directions all the way to the edge of
the specimen, while the closing or compression
case has changed only slightly. At the 60% load
level, the situation has changed dramatically
again. The compression case has developed a hot
zone of the same configuration as that for ten-
sion. But while the zone for opening is diffuse,
that for closing is concentrated at the notch and
at the edge.

zY

(a) X (b)
Fig. 6. Rendered view of (a) the mast structure and (b) wireframe view of the mast structure with the view plane used for displaying
the dissipated energy density distributions.
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The effect of opening, sliding, and closing load
combinations (1p-l4,lp-8,1p-2), demonstrates
clearly the distinction between linear effect and
nonlinear effect. The opening and sliding combi-
nations is lp-11. Lp-14 and lp-8 both show exten-
sive zones of nonzero dissipated energy in the
lower half of the specimen. A linear effect would
show dissipated energy as a proportional sum of
the dissipated energy from cases lp-14 and lp-8.
Clearly, ip-11 shows no nonzero dissipated energy
in the lower half of the specimen. The effect is

(c)

FWD

56.33 '

xL
y

typical of nonlinearity. The sliding, closing combi-
nation, lp-5, exhibits the same nonlinear effect.

The general assertion is that "if the IPL exper-
iments were conducted using another specimen
shape, then the material dissipation energy func-
tion would be the same". In other words, the
material behavior should be independent of the
structure or of the loads that may be applied to
that structure. If the preceding discussion and
Part I [6] had been about this alternative experi-
mental specimen, then the different specimen

LEFT

I

z

x y

< _ 14.0' 

(a) (b)
Fig. 7. Right side view of the finite element meshing and dimensions of the mast (a); front view of the mesh (b); cross section of the
mast (c).
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shape would have produced different strain dis-
tributions and consequently different material
dissipated energy distributions. The same general
continuous, nonlinear, monotonic nature of the
material dissipation energy function would have
been noted, but their distributions within the
specimen would have been different. If a strong
relationship had been drawn between the speci-
men, its loadings, and the consequent distribu-
tions of material dissipated energy from the cases
presented, then a different strong relationship
would have been drawn from consideration of the
results for the alternative specimen.

I&

I'

t.=

a. .

_:t

900 

_. I. -
.kf.

. t.

4

300- X

240 

180- i

120- -

60

a

lb~in/in
3

Fig. 8. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + /-60°1) (left) and out of thermoplastic material 040
(AS4/PEEK [ + / -60D) (right), for 1 X the total loading
corresponding of front wind.
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Fig. 9. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + / -60°]) (left) and out of thermoplastic material 040
(AS4/PEEK [+ / -601]) (right), for 2 X the total loading
corresponding of front wind.

The danger is in attempting to infer material
behavior from specimen behavior, without regard
to how the strains are distributed within that
particular specimen.

4. Application to naval structures

Two specific naval structures have been cho-
sen to demonstrate application of the dissipated
energy density map distributions, to study effect
of increasing loading and usage of different mate-
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rials. These structures are a ship mast and an
idealized submarine hull.

4.1. Ship mast

One of the design goals is to investigate the
merits of using composite materials for ship masts.
The primary reasons composite masts are being
considered are weight reduction and favorable
radar return characteristics. Traditional designs
for metal masts were based on the assumption of
linear elastic behavior and stress-based damage
criteria; namely, that internal load-induced dam-

t. 1 i

1 . .1..I

4:H

.~~~~~~~~M , I

2'I0

I i I_
: I

.I

930

810

66() P
600

48 -.

420-. X

2(ii) -

180 -

120 -

60- 

0

Ib*inr 3
I .

.- - -~ i 1 

Fig. 10. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + / -60°]) (left) and out of thermoplastic material 040
(AS4/PEEK [+ /-60']) (right), for 3 x the total loading
corresponding to front wind.
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Fig. 11. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + / - 60°]) (left) and out of thermoplastic material 040
(AS4/PEEK [ + / -60°]) (right), for 4 x the total loading
corresponding to front wind.

age was assumed to occur whenever the stress
exceeded a specified maximum stress set at 2.5
times the yield stress for the material used. As
mentioned previously, such a simplistic view of
failure behavior is not justified in composites, and
a more realistic damage model such as the one
being proposed in this study is required. The
enhanced understanding provided by such a
model should lead to lower safety factors and,
therefore, more efficient mast designs. The struc-
tural response simulator together with a database
of computed dissipated energy functions repre-
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sent a unique medium to achieve the efficient
design of composite masts.

The DDG-51 class of frigates was selected as a
candidate ship for a representative mast installa-
tion. The geometry of the mast is that of a tripod
mast with a rectangular box beam and two struts
with two antenna platforms attached to it and the
associated deckhouse as shown in Fig. 6. The
design loads selected for this case were extracted
from the "DDS-170" manual. For demonstration
purposes, a wind load of 30 psf (lb/ft 2 ) corre-
sponding to a 90 kn head wind was selected. In
addition, an inertial load of 0.6 g applied down-
wards to the center of gravity of the mast, or 0.2 g
applied upwards on the center of gravity of the
mast. A 500 lb antenna load was assumed to be
applied at the upper platform and a 1000 lb
antenna load applied at the lower platform of the
mast were also considered. Only the case of
head-on wind load is presented here, however.

The materials used for this simulation were
item 007 (Resin 3501-6, Fiber AS4, Layup + / -
60°) and item 040 (Resin PEEK, Fiber AS4, Layup
+ / - 60°) as described in Table 1 of Part I [6].
These materials were selected to establish the
relative merits of the thermoset 3501-6 resin ma-
terial vs. the thermoplastic PEEK resin material.
The material was composed of 130 successive
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piles of 0.0075 in. each, thus accounting for a
total thickness of 0.975 in. Fig. 7 shows the di-
mensions and the finite element mesh for the
simulation of the mast structure itself. A total of
106 "ABAQUS" "QUAD" elements were used
for the finite element idealization. In addition,
battle damage was simulated by considering a 5
in. hole at the right side of the foot of the mast as
shown in Fig. 7.

Figs. 8-11 present the simulation results for
different loading and material choices as seen
from the front of the mast in the region indicated
in Fig. 6 with a rectangular window. All figures
are fringe plots of the dissipated energy distribu-
tion over the structure. In all of these figures, the
views on the left represent the dissipated energy
distribution for the 3501-6 thermoset material,
and the views on the right represent the dissi-
pated energy distribution for the PEEK thermo-
plastic material.

The effect of applying an increasingly higher
load corresponding to front wind is manifested as
an increasingly higher distribution of fringes for
higher levels of loading. Each one of these figures
has been plotted for 1 x, 2 x, 3 x, and 4 x
overload levels of the original 30 lb/ft 2 loading
in the same order they appear in the document.
Another characteristic of the response of the

0

Loading Magnitude

Fig. 12. Distribution of the maximum dissipated energy of the ship mast structure for materials 007 (AS4/3501-6 [ + / - 60°]) and
040 (AS4/PEEK [ + / - 60°1), vs. the loading magnitude.
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structure due to the increasing load is the effect
demonstrated in Fig. 12 where the maximum
dissipated energy is plotted as a function of the
load magnitude. That is, after a certain loading
level, the material reaches a saturation level,
where the dissipated energy in the material ceases
to increase. This was the reason- the distributions
of overload magnitudes 4 and 5 were almost
identical and, therefore, it seemed appropriate
not to present the plotted distributions for load-
ing magnitude 5. Evidence of this can be seen by
comparing the dissipated energy distributions for
loading magnitudes 3 and 4 in Figs. 8 and 11.

A significant observation is that the 3501-6
material seems to show a significantly higher
propensity to go into its nonlinear region than
does the PEEK material. This is evident from the
higher number of fringes and their higher inten-
sity as they appear on the 3501-6 distributions in
Figs. 8-11 compared to those of the PEEK in
Figs. 8-11. In addition, the 3501-6 material also
has the tendency to dissipate higher amounts of
dissipated energy as is shown by the saturation
levels in Fig. 12. It is apparent from all these
figures, that the mechanical damage, in terms of
dissipated energy, caused by the round penetra-

(b)

Fig. 13. Cylindrical shell as a section of (a) an idealized submarine, and (b) the corresponding finite element mesh.
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tion on the left side of the base area of the mast
is negligible compared to the one on the middle
level of the structure.

4.2. Submarine Hull

An underwater structure, such as a submarine,
is subject to a vast range of loads. These loads
vary from underwater explosions, underwater
wave actions, maneuvering loads, depth loads, to
a whole variety of other types of loads. The
survivability of the structure under these condi-
tions is of prime importance. Since their inven-
tion, submarines have mainly been constructed
from metals, but today, composites are being
considered as a viable alternative. Dissipated en-

ergy offers a means of mapping out or hot spot-
ting areas of concern on composite submarine
structures. The structural loads, structural geom-
etry, and the structural material act to produce
strains throughout the structure that may induce
changes in the material. Dissipated energy as a
function of strain determines when a material will
change from one elastic state to another, and is
an important means of measuring both the extent
of the material changes and the structural surviv-
ability.

Consider a generic submarine and, in particu-
lar, analyze the cylindrical hull section. The ac-
tual dimensions used are those of a generic dry
dock shelter. The cylindrical shell idealization
was selected as a simple showcase for dissipated

Fig. 14. Dissipated energy density distributions at the outer surface of the shell structure, for loading magnitudes of 7,9,11,13, and
15 times overload.
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energy mapping. The finite element model used
is shown in Fig. 13 and consists of 256 shell
"QUAD" elements. The cylinder that was ana-
lyzed was 100 in. long, 80 in. diameter, and 1 in.
thick. The boundary loading conditions were those
induced by rigid body plane rotations of the ends
of the cylinder. These loading conditions where
chosen as a nominal representation of the kinds
of loads that might be carried through to the
cylinder by the rest of the submarine in response
to bending loads about the vertical or y-axis. The
shell material was a laminated graphite thermoset
epoxy. The layers were oriented at + / - 600 to
the longitudinal, or z-axis. The fibers were AS4
and the resin was a 3501-6 type epoxy. The finite

element code "ABAQUS" was used to determine
the interior strain field. The strains as reported
back by the code are for the Gauss integration
points used by "ABAQUS" to determine the
shell properties. Three integration points were
used in this analysis, one point at the center of
the laminate and two points at about an eighth of
the thickness in from each side. In this case, the
dissipated energy is not computed on a per ply
basis, but rather on a smeared-out point basis, or
a partial dissipated energy number at an integra-
tion point. Gaussian integration is then used to
compute a total dissipated energy through the
thickness. Both types of dissipated energy are
illustrated in the following figures where the par-
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Fig. 15. Dissipated energy density distribution for (a) the inside surface of the shell, (b) the outside surface of the shell and (c)
integrated through the thickness.
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tial dissipated energy at the outer part of the
shell is shown in Fig. 14 and total dissipated
energy in Fig. 15.

Fig. 14 depicts the dissipated energy maps for
overloads of 7X, 9X, liX, 13X and 15X. The
values shown are for partial dissipated energy
close to the outer side of the shell. As can be
seen in Fig. 14, the boundary of the hot-spotted
zone (higher values of dissipated energy) at 7X
overload is practically the same as at 15X over-
load. An observer may interpret this in several
ways; however, it is reasonable to surmise that
the damage as indicated by the hot-spotting is not
going to grow unstably, and that regardless of the
point of view taken as to the meaning of the
damage, the material degrades only so far and
thereafter gets no worse. Fig. 15 depicts the dis-
tribution of dissipated energy from below the
inside surface, the outside surface, and through-
out the thickness, i.e., partial vs. total viewpoints.
The partial viewpoints show both similarities and
differences. In both, the extent of the hot zone is
roughly the same; however, each exhibits
markedly different distributions within the zone.

The total dissipated energy viewpoint shows a
larger hot zone than either of the partial dissi-
pated energy maps. It also shows a rather con-
stant value of dissipated energy over the area of
the hot zone. From this an important inference
may be drawn, that the nonlinear effect of strain
on material loss of local stiffness, or change, may
not be characterizable strictly on the basis of a
partial or a total viewpoint.

5. Concluding remarks

The proposed procedure involves the determi-
nation of an energy density dissipation function
which has the dimensions of energy per unit
volume and is postulated to be a property of the
material. Its volume integral equals the energy
dissipated during loading because of the various
internal failure events, and its value at any point
in the material is regarded as a measure of load-
induced internal damage. The energy dissipation
function thus captures the collective behavior of
these failure mechanisms without requiring an

explicit knowledge of these mechanisms, and,
moreover, can also be related to local stiffness
changes that lead to a form of nonlinear struc-
tural behavior. Determined are the energy dissi-
pation function from data obtained by means of
an extensive series of tests performed with NRL's
In-Plane Loader, which is a computer-controlled
testing machine capable of producing multiple
combinations of opening/closing, sliding, and ro-
tating boundary displacements.

Application of the method makes use of a
computational approach packaged as a material
response simulator that simulates the structural
response of several structures of interest. These
are the test specimen itself, a ship's mast, and a
cylindrical shell representing an idealized section
of a submarine hull. A number of different com-
posite material systems are considered and spa-
tial maps of the dissipation function (softening
maps) are produced for various loading magni-
tudes. These softening maps illustrate how the
energy consumed by the various internal failure
events is dissipated within the structure.
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Abstract

Completed in Part I of this work are the description of the basic scheme and formulation by characterizing the

damage behavior of composites by application of thi dissipated energy density. Part II presents the development of a

structural response simulator tool for composite structures subjected to different combinations of boundary
displacements and loads. A presentation of distributions of dissipated energy density for the different load

combinations on the specimens used in the In-Plane Loader (IPL) procedure described in Part I follows. Simulated

response for several structures of interest to the Navy is also presented. They include a ship's mast and a cylindrical

shell representing an idealized section of a submarine hull. Displayed are spatial maps of the dissipated energy

density (softening maps) for various loading amplitudes. These softening maps reflect how energy is consumed by the
different failure events within the structure.

1. Introduction

The use of composite materials in structural
components has increased dramatically in recent
years as their cost of production continues to
decline and advances in composite design
methodology become increasingly wide spread.
As applications become more demanding, the
need for reliable prediction of their mechanical

'Corresponding author. E-mail yiannis@prologos nrL1navy.

mil.
I Retired.
2 Presently with FMT.
t Deceased

properties and behavior is becoming ever more
important.

Extensive efforts have been made [1-5] in re-
cent years to identify the various modes of dam-
age in composite materials. Also refer to the
references in Part I [6]. The primary finding of
most of these investigations was that macroscopic
fracture was usually preceded by an accumulation
of the different types of microscopic damage and
occurred by the coalescence of this small-scale
damage into macroscopic cracks. Additionally, it
was generally found that analyses based on classi-
cal fracture mechanics did not adequately model
the damage effects and did not provide a satisfac-
tory degree of predictive capability.

A more practical approach to modeling failure

0167-8442/95/$09.50 ( 1995 Elsevier Science B.V. All rights reserved
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behavior in composites is to quantify the damage
development on a continuum basis and relate it
to the material constitutive behavior. The goal of
such an approach is to permit accurate modeling
of the progressive loss of stiffness and concomi-
tant inelastic behavior caused by the underlying
micromechanisms of damage [7-101. Such a model
for composite failure behavior requires a large
parameter space for its description if it is to
represent physical fact in a high-fidelity, objective
manner. The model must be generic and phe-
nomenological in nature and must rely on exten-
sive sets of experimental data to identify the
model parameters. Only after these parameters
are determined can the model be related to par-
ticular failure mechanisms.

Following the basic scheme and formulation
developed Part I [6] for relating the dissipated
energy density as a function of strain in terms of
a set of known basis functions and a set of unde-
termined coefficients. The task is then to esti-
mate these coefficients. To accomplish this, a
number of test specimens are first subjected to a
range of prescribed combinations of in-plane
loads using the In-Plane Loader [6]. These loads
induce a wide range of internal strain states in
the specimens. These states approximately en-
compass those expected in typical structural com-
ponents under service loading conditions. The
boundary displacements and boundary loads are
measured for each load combination, and are
used to compute the energy dissipated internally
in the specimens caused by strain-induced dam-
age for each test. The strain fields associated with
each of the load combinations are also deter-
mined by means of a linear finite element analy-
sis using the constitutive properties of the un-
damaged (virgin) material. The computation,
therefore, neglects the effects of stiffness changes
induced by the internal damage, but should be
sufficiently accurate provided that no large-scale
stress redistribution occurs during the tests. Ana-
lytic estimates of the dissipated energy are then
computed in terms of the unknown coefficients
for each test using the representation of the
dissipation function, the computed strain fields,
and the fact that the volume integral of the
dissipation function equals the dissipated energy.

Finally, the undetermined coefficients in the dis-
sipation function representation are determined
by minimizing the difference between the experi-
mentally measured and the analytic estimates of
the dissipated energy for all the tests.

The aforementioned procedure is a deconvolu-
tion procedure in the sense that the goal is to
extract a material property (the dissipated energy
density function) from information obtained from
the material in a particular physical configura-
tion, namely the specimen, and, thus, it is neces-
sary to factor out specimen geometry effects. By
taking this approach, the resulting dissipated en-
ergy density function can be applied to any struc-
tural configuration, and used to develop material
softening (stiffness reduction) maps for any struc-
ture (again, assuming a negligible amount of stress
redistribution caused by internal damage).

Applicability of the model is demonstrated by
describing a computational approach packaged as
a material response simulator and its use in simu-
lating the structural response of several struc-
tures of interest. These are the test specimen
itself, a ship's mast, and a cylindrical shell repre-
senting an idealized section of a submarine hull.
A number of different composite material sys-
tems are considered and spatial maps of the
dissipation function (softening maps) are pro-
duced for various loading magnitudes. These soft-
ening maps illustrate how the energy consumed
by the various internal failure events is dissipated
within the structure.

2. Structural response simulator

The idea of a structural response simulator
will be developed and it will be shown how the
computed energy dissipation functions can be
used within the simulator to design structural
components and predict various aspects of their
mechanical behavior. Because dissipated energy
is taken as a measure of internal structural dam-
age, one use of a simulator would be for struc-
tural designers to examine simulated spatial dissi-
pated energy distributions to form selection crite-
ria for evaluating the structural response of struc-
tures at a particular state of the design process.
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Material system designers could also use a simu-
lator to generate spatial dissipated energy maps
from which they could determine the material
response of a composite material system, and
then select sets of manufacturing parameters to
optimize the damage tolerance of new systems.
Using the simulator to analyze material softening
distribution patterns could also assist in selecting
a material system for a particular structural de-
sign. Finally, a structural response simulator could
even be used to qualify material systems by using
far more realistic qualification criteria than are
currently employed, e.g., strength or fracture
toughness, which only indirectly and partially as-
sess some qualitative aspects of the materials.
Indeed, it is shown in this section that higher
strength does not necessarily imply better damage
tolerance.

In order to develop a tool for addressing the
types of problems discussed above, a structural
response simulator was created that takes user-
specified geometries, materials, and loading con-
ditions as inputs and creates spatial material dis-
tributions of local stiffness loss using the experi-
mentally obtained dissipated energy functions.
Fig. 1 shows the architecture of the structural
response simulator in the configuration used to
generate the results presented in this section. It
has since evolved into a much more sophisticated

form and its design now includes, such advanced
functionality as user-simulator interaction mod-
elling via artificial neural nets and other tech-
niques.

The Fig. 1 block diagram shows the structure
of the simulator in terms of component subsys-
tems. The user interface was created by writing a
library of function calls using the "PATRAN
Command Language" (PCL) that allows the user
to specify the geometry, the material, and the
loading for the structure of interest. Visualization
capabilities are provided through PDA's
"PATRAN" 2.4 solid modeling package. A finite
element idealization of the structure is achieved
through appropriate use of PCL and all relevant
model information is stored in "PATRAN" neu-
tral files on the mass storage memory resources
of the computer system hosting the simulator,
which is currently a "Silicon Graphics Indigo"
with 32 Mb of RAM and 2.5 GB of mass storage
memory. The actual finite element analysis is
performed by using the "ABAOUS" finite ele-
ment code on a CRAY YMP/EL mini supercom-
puter, and assuming linear elastic behavior. The
objective of the finite element analysis is to gen-
erate the strain field in the structure for the
initial elastic state. The data required by
"ABAQUS" are provided by the "PATABA"
process that translates the "PATRAN" neutral

Fig. 1. Block diagram of the architecture of the structural simulator and computational resource allocation.
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files to an "ABAQUS" input file. The output
from "ABAQUS" is stored in a file that is subse-
quently converted to a strain file and a displace-
ment file in "PATRAN" format by the
"ABAPAT" process. The displacement files are
identified by the suffix ".dis" and the strain files
have the suffix ".els." At this stage, the strains
and displacements can be visualized from
"PATRAN" or be fed into the dissipated energy
module "ABSORB" which runs on a "NeXT"
computer and generates a spatial energy absorp-
tion map by associating a value of dissipated
energy with each strain combination at every spa-
tial evaluation point. The required dissipated en-
ergy values are computed by interpolation using
the coefficients in the file "rmt.x.y.pred" that
were produced by the process depicted in Fig. 16
of Part I [6]. Finally, the white arrows that con-
nect the user interface module with the other
simulator modules signify user control over these
modules through both the user interface and the
networking TCP/IP utilities that control data
transfer between the involved computing plat-
forms.

There is currently an extensive effort at NRL
to develop various simulating environments that
can operate on stand alone computational archi-
tectures. Simplified versions with multimedia
characteristics already exist for "MS-Windows
3.1" machines, and more advanced versions exist
for the "SGI" platform.

3. Composite specimens

The specimen used in the IPL tests is an
example of a structural object. It has structural
loads, i.e., the loads applied by the IPL actuators.
It has a structural geometry, i.e., the geometry of
the specimen, and it has a structural material,
i.e., the material under investigation. At any point
within the structural object, strains are induced
that act upon the material. In this instance, strains
induced by the actuator loads act upon the speci-
men material. The strains are occasionally the
same at different points of the specimen, but in
general they are not. The strains act upon the
specimen material, changing it on occasion. When

the strains do change, the material shows the
change by exhibiting a different elastic behavior
suggesting reduction in local stiffness (softening).
The experimentally determined dissipated energy
is a measure of material softening. It is a nonlin-
ear, monotonic function of the strains that act
upon the material. As such, the material exhibits
behavioral changes that may be unexpected. This
application uses the IPL structural object to
showcase the nature of the unexpected behavior.

Consider material 002 in Table 1 that was used
as the straw person in this application. With a
layup construction of [( + 30/ - 30)4] , this lami-
nated composite material has piles constructed
from ASI carbon fibers, and 3501-6 epoxy resin.
Load icons were employed in the figures of this
application to facilitate recognition of the partic-
ular load combination being applied to a speci-
men. Five graphic symbols were used in combina-
tion to produce these icons. They are: a clockwise
arrow to indicate clockwise motion of the mov-
able boundary of the specimen; a counterclock-
wise arrow to indicate the opposite motion; an
upwards-pointing arrow to indicate motion of the
points of the movable boundary parallel to the
y-axis; a downwards arrow for the opposite mo-
tion; and a right-pointing arrow to indicate mo-
tion of the points of the movable boundary paral-
lel to the x-axis.

The interpretation of a particular combination
of the graphic symbols is that the corresponding
combination of IPL applied motion is applied
proportionally to the specimen's movable bound-
ary. The specimen, caught between its movable
and immovable boundaries, deforms with a com-
patible motion. Loads that are proportional to
each other are represented by the same icon. The
particular magnitude of the proportional load is
indicated individually, or by group where applica-
ble. That specimen dissipated energy is a continu-
ous nonlinear monotonic function of load dis-
placement magnitude is an experimentally deter-
mined fact. The material dissipation energy is
forced to be a continuous nonlinear monotonic
function of strain magnitude. Though the speci-
men, undeniably, is nonlinear monotonic, the
computed material dissipation function behaves
that way by analytic design.
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Fig. 2 depicts the loading case for load path 11

(1p-li). The load magnitudes shown are 20, 40,

and 60 percent of the maximum boundary motion

applied during the experiment for this particular
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specimen. Fig. 2 also' illustrates the monotonic

nature of dissipated energy with respect to strains.

Dissipated energy never decreases with increas-

ing magnitudes of loading. It is also apparent
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Fig. 2. I)istributions of dissipated energy density on the deformed specimen for loading path 11, material 002 (ASI/3506-1

[ + / - 3001) for three different magnitudes of loading.
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Fig. 3. Distributions of dissipated energy density on the deformed specimen for load magnitude 2, material 002 (ASl/3506-1
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here that the dissipated energy may not increase
after reaching a certain magnitude of strain, and
that a minimum magnitude of strain is required
before the dissipated energy can become greater
than zero. This observed behavior corresponds
precisely to what is meant by the term a nonlin-
ear monotonic function of strain magnitude.

To reiterate, that specimen dissipated energy
is a continuous nonlinear function of load combi-
nation is an experimentally determined fact. In
computing the material dissipation energy func-
tion from the specimen dissipated energy, the
only analytic control exercised is to ensure con-
tinuous behavior with respect to the strain combi-
nation. Consequently, the nonlinear effect of
strain combination as illustrated in Figs. 3, 4, and
5 is closely related to the experimentally observed
behavior.

Figs. 3, 4, and 5 all depict the same set of the

.. . . I .I

.r .. I 

.' :' ' , iP
' ~~ .. I I I 11 '

. '~ . .0i

15 different load combinations used in obtaining
the experimental results. Fig. 3 is for the case of
20% of full load magnitude, while Fig. 4 is for
40%, and Fig. 5 for 60%. The effect of opening
vs. closing motion (lp-14 vs. lp-2), which may be
likened to tension vs. compression behavior, is
quite distinctive. At the 20% level, both cases are
indistinguishable. At the 40% load level, the
opening or tension case has developed an exten-
sive hot area from the notch tip out along the
± 300 fiber directions all the way to the edge of
the specimen, while the closing or compression
case has changed only slightly. At the 60% load
level, the situation has changed dramatically
again. The compression case has developed a hot
zone of the same configuration as that for ten-
sion. But while the zone for opening is diffuse,
that for closing is concentrated at. the notch and
at the edge.

y

(a) X (b)
Fig. 6. Rendered view of (a) the mast structure and (b) wireframe view of the mast structure with the view plane used for displaying
the dissipated energy density distributions.
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The effect of opening, sliding, and closing load
combinations (lp-14,lp-8,lp-2), demonstrates
clearly the distinction between linear effect and
nonlinear effect. The opening and sliding combi-
nations is Ip-li. Lp-14 and lp-8 both show exten-
sive zones of nonzero dissipated energy in the
lower half of the specimen. A linear effect would
show dissipated energy as a proportional sum of
the dissipated energy from cases lp-14 and lp-8.
Clearly, lp- 1l shows no nonzero dissipated energy
in the lower half of the specimen. The effect is

FWD

56'33 '

y

14.0 '

typical of nonlinearity. The sliding, closing combi-
nation, lp-5, exhibits the same nonlinear effect.

The general assertion is that "if the IPL exper-
iments were conducted using another specimen
shape, then the material dissipation energy func-
tion would be the same". In other words, the
material behavior should be independent of the
structure or of the loads that may be applied to
that structure. If the preceding discussion and
Part I [61 had been about this alternative experi-
mental specimen, then the different specimen

?c)

LEF

z

x Y

(a) (b)
Fig. 7. Right side view of the finite element meshing and dimensions of the mast (a); front view of the mesh (b); cross section of the
mast (c).
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shape would have produced different strain dis-
tributions and consequently different material
dissipated energy distributions. The same general
continuous, nonlinear, monotonic nature of the
material dissipation energy function would have
been noted, but their distributions within the
specimen would have been different. If a strong
relationship had been drawn between the speci-
men, its loadings, and the consequent distribu-
tions of material dissipated energy from the cases
presented, then a different strong relationship
would have been drawn from consideration of the
results for the alternative specimen.
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Fig. 8. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + /-60']) (left) and out of thermoplastic material 040
(AS4/P.EEK [+ / -60°]) (right), for lx the total loading
corresponding of front wind.
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Fig. 9. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + /-60°]) (left) and out of thermoplastic material 040
(AS4/PEEK [+/-60°]) (right), for 2x the total loading
corresponding of front wind.

The danger is in attempting to infer material
behavior from specimen behavior, without regard
to how the strains are distributed within that
particular specimen.

4. Application to naval structures

Two specific naval structures have been cho-
sen to demonstrate application of the dissipated
energy density map distributions, to study effect
of increasing loading and usage of different mate-
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rials. These structures are a ship mast and an
idealized submarine hull.

4.1. Ship mast

One of the design goals is to investigate the
merits of using composite materials for ship masts.
The primary reasons composite masts are being
considered are weight reduction and favorable
radar return characteristics. Traditional designs
for metal masts were based on the assumption of
linear elastic behavior and stress-based damage
criteria; namely, that internal load-induced dam-

-i f i

_ .It . !
. v-. .I.

4;

_ ... ..

900

810

780

i20; -

660- ,,

600 n

540- '-.

4SO - :'..

ii.420 - .:

36!) rag

331.0 .

.ion-

120- 

60- -

0-_

IbWinhin
3

Fig. 10. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + /-60°]) (left) and out of thermoplastic material 040
(AS4/PEEK [ + / -60°]) (right), for 3 X the total loading
corresponding to front wind.
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Fig. 11. Front views of dissipated energy density distributions
of ship mast made out of thermoset material 007 (AS4/3501-
6[ + / - 60°1) (left) and out of thermoplastic material 040
(AS4/PEEK [ + / -60°]) (right), for 4 X the total loading
corresponding to front wind.

age was assumed to occur whenever the stress
exceeded a specified maximum stress set at 2.5
times the yield stress for the material used. As
mentioned previously, such a simplistic view of
failure behavior is not justified in composites, and
a more realistic damage model such as the one
being proposed in this study is required. The
enhanced understanding provided by such a
model should lead to lower safety factors and,
therefore, more efficient mast designs. The struc-
tural response simulator together with a database
of computed dissipated energy functions repre-
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sent a unique medium to achieve the efficient
design of composite masts.

The DDG-51 class of frigates was selected as a
candidate ship for a representative mast installa-
tion. The geometry of the mast is that of a tripod
mast with a rectangular box beam and two struts
with two antenna platforms attached to it and the
associated deckhouse as shown in Fig. 6. The
design loads selected for this case were extracted
from the "DDS-170" manual. For demonstration
purposes, a wind load of 30 psf (lb/ft 2 ) corre-
sponding to a 90 kn head wind was selected. In
addition, an inertial load of 0.6 g applied down-
wards to the center of gravity of the mast, or 0.2 g
applied upwards on the center of gravity of the
mast. A 500 lb antenna load was assumed to be
applied at the upper platform and a 1000 lb
antenna load applied at the lower platform of the
mast were also considered. Only the case -of
head-on wind load is presented here, however.

The materials used for this simulation were
item 007 (Resin 3501-6, Fiber AS4, Layup + / -
600) and item 040 (Resin PEEK, Fiber AS4, Layup
+ / - 60°) as described in Table 1 of Part I [6].
These materials were selected to establish the
relative merits of the thermoset 3501-6 resin ma-
terial vs. the thermoplastic PEEK resin material.
The material was composed of 130 successive
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c 800
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8 600

." 400

2 200

piles of 0.0075 in. each, thus accounting for a
total thickness of 0.975 in. Fig. 7 shows the di-
mensions and the finite element mesh for the
simulation of the mast structure itself. A total of
106 "ABAQUS" "QUAD" elements were used
for the finite element idealization. In addition,
battle damage was simulated by considering a 5
in. hole at the right side of the foot of the mast as
shown in Fig. 7.

Figs. 8-11 present the simulation results for
different loading and material choices as seen
from the front of the mast in the region indicated
in Fig. 6 with a rectangular window. All figures
are fringe plots of the dissipated energy distribu-
tion over the structure. In all of these figures, the
views on the left represent the dissipated energy
distribution for the 3501-6 thermoset material,
and the views on the right represent the dissi-
pated energy distribution for the PEEK thermo-
plastic material.

The effect of applying an increasingly higher
load corresponding to front wind is manifested as
an increasingly higher distribution of fringes for
higher levels of loading. Each one of these figures
has been plotted for I x, 2 x, 3 X, and 4 x
overload levels of the original 30 lb/ft 2 loading
in the same order they appear in the document.
Another characteristic of the response of the

0 1 i 4 4

Loading Magnitude

Fig. 12. Distribution of the maximum dissipated energy of the ship mast structure for materials 007 (AS4/3501-6 [ + / - 600]) and

040 (AS4/PEEK [ + / - 600]), vs. the loading magnitude.
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structure due to the increasing load is the effect
demonstrated in Fig. 12 where the maximum
dissipated energy is plotted as a function of the
load magnitude. That is, after a certain loading
level, the material reaches a saturation level,
where the dissipated energy in the material ceases
to increase. This was the reason the distributions
of overload magnitudes 4 and 5 were almost
identical and, therefore, it seemed appropriate
not to present the plotted distributions for load-
ing magnitude 5. Evidence of this can be seen by
comparing the dissipated energy distributions for
loading magnitudes 3 and 4 in Figs. 8 and 11.

A significant observation is that the 3501-6
material seems to show a significantly higher
propensity to go into its nonlinear region than
does the PEEK material. This is evident from the
higher number of fringes and their higher inten-
sity as they appear on the 3501-6 distributions in
Figs. 8-11 compared to those of the PEEK in
Figs. 8-11. In addition, the 3501-6 material also
has the tendency to dissipate higher amounts of
dissipated energy as is shown by the saturation
levels in Fig. 12. It is apparent from all these
figures, that the mechanical damage, in terms of
dissipated energy, caused by the round penetra-

Fig. 13. Cylindrical shell as a section of (a) an idealized submarine, and (b) the corresponding finite element mesh.
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tion on the left side of the base area of the mast
is negligible compared to the one on the middle
level of the structure.

4.2. Submarine Hull

An underwater structure, such as a submarine,
is subject to a vast range of loads. These loads
vary from underwater explosions, underwater
wave actions, maneuvering loads, depth loads, to
a whole variety of other types of loads. The
survivability of the structure under these condi-
tions is of prime importance. Since their inven-
tion, submarines have mainly been constructi
from metals, but today, composites are being
considered as a viable alternative. Dissipated en-

ergy offers a means of mapping out or hot spot-
ting areas of concern on composite submarine
structures. The structural loads, structural geom-
etry, and the structural material act to produce
strains throughout the structure that may induce
changes in the material. Dissipated energy as a
function of strain determines when a material will
change from one elastic state to another, and is
an important means of measuring both the extent
of the material changes and the structural surviv-
ability.

Consider a generic submarine and, in particu-
lar, analyze the cylindrical hull section. The ac-
tual dimensions used are those of a generic dry
dock shelter. The cylindrical shell idealization
was selected as a simple showcase for dissipated

Fig. 14. Dissipated energy density distributions at the outer surface of the shell structure, for loading magnitudes of 7,9,11,13, and

15 times overload.
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energy mapping. The finite element model used
is shown in Fig. 13 and consists of 256 shell
"QUAD" elements. The cylinder that was ana-
lyzed was 100 in. long, 80 in. diameter, and 1 in.
thick. The boundary loading conditions were those
induced by rigid body plane rotations of the ends
of the cylinder. These loading conditions where
chosen as a nominal representation of the kinds
of loads that might be carried through to the
cylinder by the rest of the submarine in response
to bending loads about the vertical or y-axis. The
shell material was a laminated graphite thermoset
epoxy. The layers were oriented at + / - 600 to
the longitudinal, or z-axis. The fibers were AS4
and the resin was a 3501-6 type epoxy. The finite

element code "ABAQUS" was used to determine
the interior strain field. The strains as reported
back by the code are for the Gauss integration
points used by "ABAQUS" to determine the
shell properties. Three integration points were
used in this analysis, one point at the center of
the laminate and two points at about an eighth of
the thickness in from each side. In this case, the
dissipated energy is not computed on a per ply
basis, but rather on a smeared-out point basis, or
a partial dissipated energy number at an integra-
tion point. Gaussian integration is then used to
compute a total dissipated energy through the
thickness. Both types of dissipated energy are
illustrated in the following figures where the par-

4

ENERGY LOST VIA STRAIN INDUCED MATERIAL SOFTENING

Fig. 15. Dissipated energy density distribution for (a) the inside surface of the shell, (b) the outside surface of the shell and (c)
integrated through the thickness.
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tial dissipated energy at the outer part of the
shell is shown in Fig. 14 and total dissipated
energy in Fig. 15.

Fig. 14 depicts the dissipated energy maps for
overloads of 7X, 9X, liX, 13X and 15X. The
values shown are for partial dissipated energy
close to the outer side of the shell. As can be
seen in Fig. 14, the boundary of the hot-spotted
zone (higher values of dissipated energy) at 7X
overload is practically the same as at 15X over-
load. An observer may interpret this in several
ways; however, it is reasonable to surmise that
the damage as indicated by the hot-spotting is not
going to grow unstably, and that regardless of the
point of view taken as to the meaning of the
damage, the material degrades only so far and
thereafter gets no worse. Fig. 15 depicts the dis-
tribution of dissipated energy from below the
inside surface, the outside surface, and through-
out the thickness, i.e., partial vs. total viewpoints.
The partial viewpoints show both similarities and
differences. In both, the extent of the hot zone is
roughly the same; however, each exhibits
markedly different distributions within the zone.

The total dissipated energy viewpoint shows a
larger hot zone than either of the partial dissi-
pated energy maps. It also shows a rather con-
stant value of dissipated energy over the area of
the hot zone. From this an important inference
may be drawn, that the nonlinear effect of strain
on material loss of local stiffness, or change, may
not be characterizable strictly on the basis of a
partial or a total viewpoint.

5. Concluding remarks

The proposed procedure involves the determi-
nation of an energy density dissipation function
which has the dimensions of energy per unit
volume and is postulated to be a property of the
material. Its volume integral equals the energy
dissipated during loading because of the various
internal failure events, and its value at any point
in the material is regarded as a measure of load-
induced internal damage. The energy dissipation
function thus captures the collective behavior of
these failure mechanisms without requiring an

explicit knowledge of these mechanisms, and,
moreover, can also be related to local stiffness
changes that lead to a form of nonlinear struc-
tural behavior. Determined are the energy dissi-
pation function from data obtained by means of
an extensive series of tests performed with NRL's
In-Plane Loader, which is a computer-controlled
testing machine capable of producing multiple
combinations of opening/closing, sliding, and ro-
tating boundary displacements.

Application of the method makes use of a
computational approach packaged as a material
response simulator that simulates the structural
response of several structures of interest. These
are the test specimen itself, a ship's mast, and a
cylindrical shell representing an idealized section
of a submarine hull. A number of different com-
posite material systems are considered and spa-
tial maps of the dissipation function (softening
maps) are produced for various loading magni-
tudes. These softening maps illustrate how the
energy consumed by the various internal failure
events is dissipated within the structure.
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